Abstract-This paper briefly describes a left ventricle myocardium segmentation method in multi-slice computerized tomography images. The segmentation technique is based on level-sets deformable contours. The proposed method has two stages: in the first stage the left ventricle internal wall or endocardium is segmented. In the second stage the external wall is segmented starting with an initialization based on the endocardial segmented shape. This algorithm is intended for incorporation within a software platform for visualization and processing of cardiac images. This platform would help the diagnosis of the left ventricle hypertrophy (LVH).
I. INTRODUCTION
In cardiological clinical applications, diagnosis of the Left Ventricle Hypertrophy (LVH) requires the accurate estimation of the ventricular mass. In clinical routine and many studies concerning LVH, the estimation of the ventricular mass is performed using 2-D transthoracic echocardiography.
However; the method is operator-dependent and prone to errors due to poor acoustic window and suboptimal localization of myocardial borders [1] . Moreover, the assumption of an a priori geometric shape such as the ellipsoidal shape could also increase the error in the ventricular mass estimation. Accurate estimation of left ventricular mass can be done using 3-D medical imaging modalities such as Multi-Slice Computerized Tomography (MSCT) or Magnetic Resonance Imaging (MRI). However; it requires precise segmentation of left ventricle myocardium aiming at obtaining their volume and mass equivalence. LVH is related to high blood pressure and other cardiovascular diseases and their evolution leads to cardiac insufficiency and arrhythmias.
Ventricular Tachycardia (VT) is a dangerous arrhythmia related to several heart diseases that represent an important cause of sudden death [2] . In these patients the Catheter Ablation (CA) is frequently used as therapy. In therapeutic planning of Ventricular Tachycardia Electro-Anatomic Mapping (EAM) and catheter ablation procedures, it is important to know the exact location of the myocardium scar to decide a priori if the procedure will be endocardial or epicardial. This requires accurate segmentation of ventricular cavity, myocardium, epicardial fat [3] and coronaries in MSCT images [4] .
Patients with ventricular motion abnormalities corresponding to asynchronous contraction of the myocardium usually experience progressive negative remodeling of the ventricle leading to increase mortality and heart failure [5] . Therapies for this condition exist and imply using of smart pacemakers that are able to stimulate the myocardium at the correct space-time location. However; it is necessary to identify the type of asynchrony and location for correct pacemaker electrode placement and programming. This type of therapy known as Cardiac Resynchronization Therapy (CRT) could be programmed using MSCT including tools for accurate segmentation of myocardium as well as motion estimation techniques [6] .
II. RELATED WORK Myocardium segmentation methods have been reported considering mainly MRI and MSCT images. The segmentation of this structure is challenging [7] . The external wall has low contrast variations between the heart muscle and surrounding structures as well as local contrast variations within the same tissue over time [8] . This fact is complicated with the combination of cardiac and breathing motion. Several attempts to perform the segmentation of myocardium have been proposed. The effort has been centered on MRI images, where several segmentation methods have been reported mainly in 2-D images [9] . In Avendi et al. [10] a method for segmentation of the Left Ventricle in MRI images is proposed using deep learning algorithms combined with deformable models. The algorithm was trained with the shapes of the left ventricle extracted from a public database but the method required to increase the number of training cases using transformations. The learned shapes were used within the level set Chan & Vese algorithm. Tsai et al. [11] proposed a shape-based approach for guiding the evolution of a level set deformable contour. They derive a parametric model for a segmenting curve expressed using an implicit representation. The model is obtained using Principal Component Analysis (PCA) to the training data represented using a signed distance transformation. The formulation used for the level set segmentation algorithm is a modification of the region-based Chan & Vese algorithm proposed by Yezzi et al. [12] . This technique is used for 2-D segmentation of the endocardium of the Left Ventricle shape in MRI images.
A model-based framework for detection of heart structures has been reported by Ecabert et al. [13] . The heart is represented as a triangulated mesh model including RV, LV, atria, myocardium, and great vessels. The cardiac model is located near the target heart using the 3-D generalized Hough transform. Finally, in order to detect the cardiac anatomy, parametric deformable adaptations are applied to the model.
In this paper a methodology for left ventricle myocardium segmentation is proposed. The method does not rely on training from samples which is a difficult task that requires tracing manually hundreds of contours in several 3-D or 4-D MSCT images. The segmentation approach is based on using level-sets deformable contours and it is integrated in a software platform for cardiac MSCT images.
III. METHODS

A. Software Platform Development
The software platform GDICOM TAC is designed using open source libraries oriented to image processing and visualization. The Insight Toolkit (ITK) library 1 is used for 2-D and 3-D image processing tasks. The handling of the DICOM format is performed using the GDCM library 2 . This library is an implementation of the DICOM standard designed for open source code. The GDCM library includes a definition of the DICOM format as well as a communication protocol. It also provides several lossy and lossless compression features. The 3-D visualization and geometry processing is performed using the Visualization Toolkit (VTK) 3 . The library is implemented using C++ programming language. VTK has two subsystems: the graphical model and the visualization pipeline. The graphical model is an abstract layer over the graphical language (OpenGL) 4 for attaining portability between different operating systems. The visualization pipeline transforms the image data in other types of data that can be visualized using the graphical system or alternatively in other types of data along the processing pipeline. The user interface is designed using the Quasar Technologies (QT) library 5 . The architecture of the developed platform is shown in Fig. 1 .
B. Myocardium Segmentation
In the case of LVH, the accurate estimation of left ventricular mass is required. Segmentation of both the endocardial and external wall of the left ventricle is necessary in order to quantify the volume of the ventricular [14] . Even when there are different image segmentation techniques reported in the literature, in the case of medical imaging many of them could be inappropriate [15] . One such technique is based on deformable models; however, within this group those based on the use of sets of levels (level-sets) are the most robust with respect to topology changes or other imperfections or artifacts. For MSCT images, the problem of estimating ventricular mass involves detecting both the inner ventricular wall (endocardium) and the outer wall. This can be done in each of the slices that make up the three-dimensional volumetric image to obtain a volumetric model such as the one shown in Fig. 2 [16] . Taking the two segmented walls, the problem of estimating the ventricular mass is reduced by estimating the volume between both walls (expressed in cm 3 ) and then converted to mass units (gr) using the specific gravity coefficient for the cardiac muscle corresponding to 1.04 grams/cm 3 . Usefulness of Fig. 2 . Left Ventricle volumetric model where the internal wall (endocardium) an external wall are shown [16] . The left ventricular mass estimation is performed based on the myocardium volume calculated between both ventricular walls Level Sets segmentation techniques for detecting the internal wall of left ventricle has been previously reported by Medina et al. [17] . Five level sets segmentation techniques were compared where the best results were obtained using the Caselles algorithm [18] and the Chan & Vese [19] algorithms that attained average Dice coefficients higher than 0.90.
1) Parameter Selection:
The parameters were determined during the training procedure using the small set of 10 slices extracted at random from several 3-D images. The selection procedure started with a default set of parameters. After the first try, one of the parameters was varied while the rest remained fixed. The Dice coefficient was calculated for all the images and for several parameter values. The maximum average Dice attained defined the parameter value. The procedure was repeated for each of the parameters.
2) Left Ventricle Endocardial Segmentation: The preprocessing is performed using a Gaussian filter with a standard deviation of 1.1 in the spatial domain. Subsequently, a median filter is used considering a neighborhood of 7 × 7. The smoothed image is then processed with an anisotropic curvature diffusion filter [20] to attenuate noise while preserving the contours. This filter is applied considering 100 iterations and a time step of 0.125 sec. From this image, the gradient magnitude is calculated and processed using a sigmoid function considering α = −1 and β = 1.0. The resulting gradient image serves as input to the algorithm that implements the geodesic active contour (the Caselles algorithm). This algorithm requires an initialization that in this case is obtained by a Fast Marching algorithm [20] . This initialization is constructed from an initial seed point that is selected interactively as reported in [17] . The parameters used for the Caselles algorithm are: A propagation coefficient 1.1, the weighting coefficient of curvature is 2.5, the ratio of advection is 0.5 and the maximum number of iterations is 800. The contour obtained is post-processed using mathematical morphology operations. Firstly, morphological dilation is applied using a circular structuring element of radius 6. Secondly, the morphological closing is performed considering the same structuring element. This procedure is necessary for including the papillary muscles within the contour, closing gaps and eliminating small structures generally noisy. The resulting contour represents the endocardium of the left ventricle. Parameters of the algorithm were selected using the approximate procedure reported in [17] .
3) Left Ventricle External Wall Segmentation: For segmenting the left ventricle external wall, we use the geodesic active contour algorithm, but in this case, the gradient magnitude is post-processed using a sigmoid function inverted with respect to the one used to determine the endocardium. Moreover, the geodesic active contour algorithm must be initialized using the segmentation obtained for the endocardium. However, as the endocardial segmentation is binary, it has to be converted to a level sets surface using a Euclidean distance transformation [21] . Parameters of the geodesic algorithm are: A propagation coefficient of 1.3, curvature coefficient of 2.5, and, advection coefficient of 1.0.
IV. RESULTS
The main window of the software platform designed for processing MSCT cardiac images is shown on Fig. 3 . The platform after opening a 3-D image shows the volume rendering of the heart and the three standard 2-D views corresponding to the axial, sagittal and coronal. The volumetric rendering requires setting an opacity function for visualizing this cardiac structure, while the neighbor anatomical structures such as the bones appears with a high degree of transparency. This is performed by taking into account the Hounsfield Units (HU) ranges for each of the tissues in the image. In the rendered 3-D representation the user can interact with the object for rotating or zooming. The display in the rests of windows is a 2D representation showing the standard views used in medical applications. Such views are obtained from the 3D image file using multiplanar reformatting techniques. In each of these windows, the user can select a specific slice using scroll bars and events of the mouse for performing the zoom or contrast enhancement. The platform also includes tools for manual segmentation, selection of regions of interest (ROIs), determination of the left ventricle anatomical axis and seeds selection necessary for the segmentation methods. 
A. Algorithm validation
Algorithm validation was performed using 120 2-D slices extracted from six 3-D MSCT images in diastole. The size of the images was 512 × 512. For performing the validation, the endocardial contour and the left ventricle external wall contour were manually traced under supervision of medical staff for each of the slices within the left ventricle region of interest. The papillary muscles were included within the endocardial contour. The Dice coefficient was calculated for the endocardial wall, for the external wall and also for the myocardium. The average Dice values were 0.93 for the endocardium, 0.89 for the external wall and 0.81 for the myocardium. Two preprocessed images extracted from the validation set are shown in Fig. 4 . The preprocessing tasks include Gaussian filtering, median filtering and subsequently anisotropic curvature diffusion filtering. In these images, the region in the center represents the inside of the left ventricle. In there we can see that the outer wall of the left ventricle is not clearly defined, which represents a considerable degree of difficulty for the development of accurate segmentation algorithms for detecting the outer wall of the myocardium. Thus, unlike current clinical methods are two-dimensional it could be possible to achieve more accurate ventricular mass estimation and therefore improvements in diagnosis of ventricular hypertrophy. The accurate segmentation of the myocardium opens the possibility for developing tools for planning therapeutic procedures such as cardiac resynchronization, myocardial analysis and tissue characterization as well as computer aided tools for planning and development of ablation therapies. As future work, we plan to complete the validation and optimization of the myocardial segmentation algorithm, as well as the extension for working with 3-D MSCT images.
